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I ,  INTRODUCTION mD SU Y 

1.1 Problem 

The temperature appearing i n  the  s o l a r  c e l l  c i r c u i t  of  a s o l a r  

probe can amount t o  between -60° C and +200° depending on the  con- 

d i t i o n  of the e n t i r e  su r face  (sp in  s t a b i l i z e d ,  a x i s  of sp in  pe r -  

pendicular  t o  the  e c l i p t i c ) .  The l i g h t  i n t e n s i t i e s  thus a c t i n g  on 

the s o l a r  c e l l  vary between 0 and c a .  11 s o l a r  cons tants  a t  d i s -  

tances from the  sun of between 1 .0  and 0.3 AE. The f i r s t  p a r t  of 

t h i s  experimental  study w i l l  r e p o r t  on the s p e c i a l  c h a r a c t e r i s t i c s  

of  the  s o l a r  c e l l ,  even a t  these  extreme app l i ca t ion  demands. The 

o b j e c t  of the second p a r t  i s  t o  i n v e s t i g a t e  t h e  technological  and 

physical  problems which a r i s e  during the  production of the s o l a r  

c e l l  panel .  This dea l s  wi th  the  fol lowing main elements: 

- c e l l  connection techniques ( so lde r ing ,  welding) 

- cover g l a s s  bonding techniques (adhesion, thermodiffusion) 

- a p p l i c a t i o n  process  (cementing the  c e l l  w i th  i s o l a t i n g  

base f o i l  and s t r u c t u r e )  

- module technique i n  connection wi th  r e f l e c t o r s  (second- 

sur face  mir rors )  . 

The problems t o  be inves t iga ted  r e l a t e  to:  

- o p t i c a l  and t h e m a l  behavior i n  the  vacuum (measurement o f  



transparency,vaporizations, UV degradat ions,  

hea t  g rad ien t s  and o the r  c h a r a c t e r i s  t i c s )  

- mechanical behavior ( s t a t i c  and dynamic s t a b i l i t y  with 

va r i ab le  temperatare) 

- behavior dur ing  thermal shocks 

- ele .ec t r ica1  behavior before and a f t e r  production and t e s t  

processes 

- t echn ica l  p r a c t i c a b i l i t y  

1.2 Course of the Study 
7- 

The tasks  summarized i n  the "Problemt' s ec t ion  were completed 

under c o n t r a c t  of the  Siemens Company. Or ig ina l ly  the  s t u d i e s  were 

t o  begin i n  the middle o f  May and l a s t  7% months t o  the end of  the  

year .  A t  the beginning of September a ve rba l  communication from 

the  Society f o r  Space Research informed us  t h a t  the con t rac t  was 

t o  be granted t o  ~ i e m e n s / ~ o l k o w .  On the  s t r e n g t h  of  t h a t ,  prepared 

s t u d i e s  were begun with t h e  f i rm a l ready  i n  August. I n  November 

the  SSR held out  the prospect  of an  extension of t h e  s t u d i e s  t o  

1-31-69; t h i s  was confirmed a t  the end of  December. 

Because of t h i s  shor tening  of the  a v a i l a b l e  t ime, some of the 

po in t s  i n  the  o r i g i n a l l y  planned.program could no t  be in tens ive ly  

s tud ied .  I n  a d d i t i o n ,  the re  were severa l  repeated program changes, 

which had changed the conceptions of a s o l a r  probe. Late  de l ivery  

d a t e s ,  e s p e c i a l l y  f o r  s o l d e r ,  f o i l s  and adhesives,  caused f u r t h e r  



c",i 'zys, This  e f f e c t e d  i n  p a r t i c u l a r  cons t ruc t ion  of the  modules 

and t h e i r  long-term t e s t s  a s  w e l l  a s  the  measurements of the thermal 

balance of the module. 

1 . 3  -- of t h e  Resu l t s  

1 .31 Cover Glass Assembly 

I n  the temperature region from -60' C t o  200°c a s  we l l  a s  a t  

s o l a r  i n t e n s i t i e s  from 1 t o  11 suns (140 mw/cm2 t o  1550 rnw/cin2) the  

use of the conventional cover g l a s s  assembly u t i l i z i n g  t r ansparen t  

adhesives i s  poss ib le  i n  p r i n c i p l e .  The behavior i n  the  thermal 

vacuum a s  w e l l  a s  the  separa t ion  t e s t s  a t  var ious  temperatures 

support  t h e  use of the  t r ansparen t  adhesive XR - 6 - 3489 from Dow 

Corning. F i r s t  i r r a d i a t i o n s  wi th .  UV over a per iod of ca. 900 

equiva lent  sun hours caused d i s c o l o r a t i o n s .  A f i n a l  pronouncement 

on UV degradat ions can only be made a f t e r  f u r t h e r  in tens ive  s t u d i e s  
s 

have been completed. 

Other connection techniques a r e  poss ib le .  P a r t i a l  g lu ings  

on the  con tac t  g r i d  a s  wel l  as connections by thermodiffusion between 

the  c e l l  g r i d  and t h e  cover g l a s s  g r i d  were success fu l ly  achieved. 

The l a t t e r  process i s  a s i g n i f i c a n t  s t e p  toward r e a l i z i n g  s o l a r  

c e l l  modules without  using organic  m a t e r i a l s .  Fur ther  i n v e s t i g a t i o n s ,  

however, would be necessary i n  o rde r  t o  make the  process  p r a c t i c a b l e .  

1 , 3 2  Ce l l  connection 
PP 

The most favorable  connection technique proved t o  be welding 



wi th  s i l v e r  mesh connectors (2A~5-6/0  E m e t )  and Cu-W e l e c t r o d e s .  

%he separa t ion  s t r eng ths  were over 1000 p ( reproducib le) .  The 

a p p l i c a b i l i t y  of t h i s  connection process may extend f a r  beyond the  

temperature regions def ined here (temperature behavior of s i l v e r ) .  

Thermal shock and v i b r a t i o n  t e s t s  produced no changes. The e l e c t r i -  

c a l  behavior before and a f t e r  t h e  welding remained unchanged. Con- 

t r a r y  t o  expecta t ions ,  the  impulse welding process  proved t o  be more 

p r a c t i c a l  than the so lde r ing  process  appl ied  e a r l i e r .  It may a l s o  

be more p r a c t i c a l  than the  process  f o r  hea tab le  s o l a r  c e l l  c i r c u i t s  

developed i n  the  U.S.A. t o  secure t h e  e l e c t r i c a l  c e l l  connectors by 

means of  thermodiffusion (Ref. 2) 

1 .33 Base F o i l  -- 
The usual  commercial Cu-Kapton connection f o i l s  a r e  uns table  

0 i n  the  vacuum a t  temperatures above 200 C (bubble formation due t o  

v o l a t i l i z a t i o n  of t h e  adhes ive) .  Some unions of Kapton and Cu 

f o i l  w i th  XR-6-3489 DC produced s t a b l e  base f o i l s  a f t e r  previous 

roughening of the Kapton f o i l  by sand-blas t i n g  . 

1.34 Complete Module 

The r e s u l t s  of t e s t s  on the  module can be summarized a s  follows: 

- Shock, c l imate  and v i b r a t i o n  t e s t s  caused no mechanical 

changes. The e l e c t r i c a l  degradat ion by t e s t s  a s  we l l  a s  t h e  

production process l a y  wi th in  the  l i m i t s  of measurement 

accuracy. 



- The load on the  s o l a r  s imula tor  extended t o  19 s o l a r  cons tan t s  

(temperatures t o  360' C, no r e f l e c t o r s )  . 
- Measurements of the  thermal balance on the  module with 

r e f l e c t o r s  (sSM) produced temperatures around ZOO0 C a t  11 

s o l a r  cons tan t s  with perpendicular  r a d i a t i o n .  

1.35 Module and Production Technique - 

The previous production technique and equipment were adapted 

t o  the  new m a t e r i a l s  t o  be u t i l i z e d  and the  new techniques.  The 

new module technique showed i t s e l f  t o  be more expedient than t h e  

e a r l i e r  s tandard process  a s i d e  from t h e  extended temperature region 

f o r  t h e  module. 

2. CELL CONNECTION 

2 . 1  Inves t iga ted  Connection Techniques 

Main demands on the  ce ' l l  connections a r e :  

- optimal e l e c t r i c a l  conduct iv i ty  

- good mechanical adhesion 

- temperature s t a b i l i t y  between -60' C and 200° C i n c l .  

thermal shock s t a b i l i t y  

- minimal degradation of the  s o l a r  c e l l  

- simplest  poss ib le  opera t ion  process  

- simple exchangeabi l i ty  of  damaged s o l a r  c e l l s  



For these  demands so f t - so lde r ing ,  hard-soldering and welding 

connections a r e  t o  be considered.  

2.2 - Sof t - so lde r ing  

2.21 Se lec t ion  - of High-melting Sof t - so lde r  -- 
The s e l e c t i o n  of the  s o f t - s o l d e r  was made on t h e  b a s i s  of  the  

highness of  the  melt ing p o i n t .  One had t o  no te ,  moreover, whether 

the  a l l o y  possessed an e u t e c t i c .  Alloys wi th  e u t e c t i c s  a r e  u s u a l l y  

indica ted  by smaller  thermal shock and v i b r a t i o n  s t a b i l i t y .  Alloys 

with s a t u r a t e d  s i l v e r  content  were p re fe r red  s ince  t h i s  prevented 

the  vaporized s i l v e r  l a y e r  o f  the  so lde r  ba r  on the  s o l a r  c e l l  

from being a t t ached  during so lder ing .  

Long d e l i v e r y  per iods  and l a t e  d e l i v e r i e s  by the  producer 

hindered the t e s t s  wi th  s o f t - s o l d e r .  Thus, only a  small number 

of the s o f t - s o l d e r  t e s t s  could be completed. 

For normal use a low-melting s o l d e r  was used: Soldamoll 170 

(3% Ag , 37% Pb , 60% Sn, melt ing p o i n t  170' C) . The requi red  high 

temperature s t a b i l i t y  demanded h igher  melt ing so lde r s .  The s p e c i a l  

s o f t - s o l d e r  of  t h e  Degussa Company was used.  

The s o l d e r  a l l o y s  formed a r e  a l loyed from m a t e r i a l s  a t  l e a s t  

99.99% pure and a r e  molten under vacuum. They a re  oxide-free and 

can thus a l s o  be u t i l i z e d  f o r  complicated so lder ing  without  the  

use o f  f luxing agents ,  The so lde r s  626, 627, 628 ought t o  be 

e s p e c i a l l y  s u i t a b l e  f o r  so lder ing  which demands changes of  tempera- 

t u r e .  Withkhe except ion of s o l d e r s  612, 617, 626, 627 and 628, 



Specia l  Sof t - s o l d e r  

- 
,I go. Other 1 .  L 
1 Nr.  Pb  Sn In A g Au Sonst. Solidus Liquidus 

Legend: 1 - S o l i d i f i c a t i o n  po in t ;  2 - M e l ~ i n g  p o i n t  

be de l ivered  i n  f o i l  o r  stamped form, t h e  de l ive ry  forms of the  

remaining a l l o y s  a r e  wi res ,  f o i l s  and stamped p a r t s .  Of the  

s o f t - s o l d e r s  i n  Table 1 only s o l d e r s  608 and 609 could be i n v e s t i -  

gated i n  conjunct ion wi th  the  present  c o n t r a c t .  

2 . 2 2  Process 

Flux agents (Soldaflux A ,  r o s i n ,  o r  Cas to l in  154 C) were 

a p p l i e d  i n  a l coho l i c  s o l u t i o n  to  the  T i  - Ag i o n t a c t  l a y e r  by 



means of brushes and were a i r  d r i ed  before so lder ing  o r  were appl ied  

as a pas te  over a t e rnp l~ee  t o  the p rede temined  pos i t ion .  The e e l b s  

were degreased p r i o r  to  so lder ing  with coloradol  i n  an u l t r a s o n i c  

c leaner  and were cleaned with 180 U from the  Bandelin Company. 

180 U dissolves  s u l f i d e  and oxide l a y e r s  on the  so lder ing  b a r s .  

F i n a l l y  t h e  c e l l s  were r i n s e d  i n  d e s t i l l a t e d  Hz0 and washed a f t e r  

an a lcohol  bath.  The cleansed c e l l s  were then placed i n  t h e  so lde r -  

ing equipment and covered wi th  a shee t  of s i l v e r  mesh ( 3  mm wide; 

Exmet Corp. ; 2 ~ ~ 5 - 6 1 0 )  a s  t h e  so lder ing  connector wi th  stamped 

so lder ing  f o i l  (1.5 x 0.05 mm, p l a t ed )  . The melt ing temperature 

of the  s o l d e r  was reched wi th  a r e s i s t a n c e  heated tantalum e l e c t r o d e  

( c f .  Fig.  1 ) .  A d i g i t a l  impulse welding apparatus  from Hughes 

(Model Mc W550) w a s  used. Adjustable parameters a r e  impulseduration 

( 1 ms - 10 s ) ,  t h e  cons tan t  output  p o t e n t i a l  (0 - 1 V) and t h e  

e l e c t r o d e  con tac t  pressure  (0.5 - 2.4 Kp) . The impulse was stimu- 

l a t e d  by foo t  p ressu re ;  t r i g g e r i n g  pressure  and s topping pressure  

a r e  i d e n t i c a l .  Every impulse forms a so lde r  j o i n t  between the  c e l l  

and so lder ing  connector.  

2.23 Resul t s  

The so lde r ing  parameters known f o r  Soldamodel 170 were n o t  

s u i t a b l e  f o r  the  high-melting s o f t - s o l d e r s  and had t o  be changed. 

In  order  to  reach s u f f i c i e n t ,  high-melting temperatures,  so lde r ing  

dura t ion  and output  p o t e n t i a l  had t o  be g r e a t l y  increased.  This  



shock-l ike increase  of  the  temperature and the  so lder ing  poin t  

caused c e l l  breakage i n  most cases  before  a complete flowing of  the 

so lde r  could be a t t a i n e d .  

Separat ion t e s t s  showed t h a t  the  j o i n t s  thus formed were n o t  

genuine hot -so lder  j o i n t s  b u t  a bonding over the  f lux .  A f u r t h e r  

temperature inc rease  during so lder ing  i s  n o t  poss ib le  with t h i s  

method of connection due t o  the  s e n s i t i v i t y  t o  breakage of t h e  

c e l l s .  S imi lar  d i f f i c u l t i e s  d id  no t  appear with s tandard s o l d m o l l  

170 (melting po in t  180° C ) .  F ig .  2 shows a s i l v e r  mesh - Soldamoll 

j o i n t .  

2.31 Se lec t ion  -- of Low-melting Hard-solders - 
The s e l e c t i o n  of the  hard-solders  was made on the  b a s i s  of  the  

highness  of t h e  mel t ing  temperature. J u s t  a s  with soft-solder, hard- 

so lde r s  with e u t e c t i c s  can manifest  a b r i t t l e  behavior,  which l eads  

t o  d i f f i c u l t i e s  during thermal shocks. High s i l v e r  content  of t h e  

had-solder was des i red  t o  prevent a d i s s o c i a t i o n  of the  s i l v e r  on 

t h e  so lde r ing  s t r a n d .  Solders  containing cadmium were not  considered 

on account of  the  h igh  vapor pressure  of cadmium. Long d e l i v e r y  

per iods  of the  a l l o y s  s e l e c t e d  i n  the  form of f o i l s  delayed t h e  

t e s t s .  The hard-solders  which were used were vacuum hard-solders  

f r o m  the Degussa Company, 



TABLE 2 

Vacuum Hard-solders 

Legend: 1 - Solder No.; 2 - Content by weight - %; 3 - Melting 
region;  4 - Working temperature;  5 - Applicat ion f o r  
combinations of cons t ruc t ion  m a t e r i a l s ,  x = s u i t a b l e ,  
- = unsu i t ab le  

The so lde r  a l l o y s  formed a r e  a l loyed from m a t e r i a l s  a t  l e a s t  

99.99% pure and a r e  molten under vacuum. They a r e  f r e e  of oxide 

and can thus a l s o  be used f o r  complicated so lde r ing  without  t h e  

u t i l i z a t i o n  of f l u x  agents .  Forms de l ivered  a r e  wi res ,  s h e e t s ,  

stamped p a r t s  and powder. Solder  powers a r e  de l ive red  i n  g ra in  

s i z e s  of  100 and 250 , HV 570 i s  only i n  the form of  bands o r  

stavped p a r t s ,  VH 640 only i n  powder form. 

2.32 Process  

The s o l a r  c e l l s  were cleansed a s  i n  so f t - so lde r ing  and 

placed i n  a mounting, covered by cleansed s i l v e r  mesh (Exrnet Cor- 

2 pora t ion  2 A G ~ - 6 / 0 )  with hard-solder  f o i l  (5OPthick, 1 mm ) ,  o r  

with so lde r  W 6 4 0 ,  covered wi th  dry  so lder ing  powder, and hard- 

so ldered  wi th  the Hughes impulse welder.  Molybdenum e lec t rodes  



(Hughes ESQ-2545-00)  with a 0.1 mrn gap were used as welding elec- 

trodes. The electrode pressure was varied between 1 kp and 1.5 kp 

the potential between 1.35 V and "1.99 V, and the impulse duration 

between 0.45 s and 9.5 s. The hard-soldering was done partially 

with and partially without flux. The'separation strength was 

measured perpendicular to the surface of the solar .cells (cf. Fig. 10). 

2.33 Results 

The results are summarized in the following tables: 

TABLE 3 

Hard-soldering with Degussa Vacuum Hard-Solder (33% Ag; 
54% Au; 13% Ge; foil of 50p thickness) 

+) at 8 mm solder width with 4 impulses 



TABLE 4 

Hard so lder ing  wi th  Degussa Vacuum Nard-solder W 580 
(88.3% A l ;  11.7% S i ;  f o i l  of 5 0 , ~  thickness)  

Flux Weldin 
FluQm. ~chwei f -  

- ! spannung 
p o t e n t i a l  

i v 
dauer 
dura t ion  

ms 

Electrode 
E:eldroden- 

druck 
pres  su-s'e 

kp 

j a  yes 
ja yes 
j a yes 
j a yes 
nein no 
nein no 
nein no 
nein no 
nein no 
nein 

I I I 

C )  a t  8 rnrn so lde r  width wi th  4 impulses 

Separat ion 
Abrei(3: / 

kr aft 3.) 
s t r e n g t h  +) 

P 

TABLE 5 

Ward-soldering wi th  Degussa Vacuum Hard-solder VH 640 
(42% Ag; 33% Cu; 25% Sn; powder g r a i n  s i z e  L loop) 

Flux 
Fluom. 

Welding -1 Schwei13- Weldin8 Schwei - Eleldroden- Electrode 
spannung dauer druck 
p o t e n t l a l  du ra t ion  pressure  v m s  kp 

4-1 a t  8 m so lde r  width wi th  4 impulses 

Se a r a t i o n  
&rein- 
kraft +) 

s t r e n g t h  +) 
P '  



As can be seen from Tables 3-5, t he  n e c e s s a r i l y  high temperatures 

during hard-soldering l e d  t o  c e l l  breakage i n  most cases  ( separa t ion  

s t r e n g t h  0 ) ,  so t h a t  no reproducible  connections could be f a b r i c a t e d .  

I n  p a r t  adhesion took p lace ,  but  t h i s  was caused by f l u x  

adhesion. Because o f  t h e  shortness of a v a i l a b l e  t ime,  very few 

t e s t s  could be completed. Using smaller  q u a n t i t i e s  of  ha rd - so lde r  

( th inner  s o l d e r  f o i l )  could have l e d  t o  b e t t e r  r e s u l t s .  The good 

r e s u l t s  from t h e  welding technique ( c f .  Ch. 2.4) made f u r t h e r  hard- 

so lde r  experiments unnecessary. 

2.4 Welding 

2.41 General Comments 

S i l v e r  f o i l  and s i l v e r  mesh proceeded as i n  2.2. The c leaning  

of the s i l v e r  con tac t  l a y e r  on the  c e l l  wi th  an e r a s e r  p e n c i l  o r  g l a s s  

h a i r  proved t o  be too coarse  s ince  t h e  l a y e r  s t r e n g t h  of t h e  s i l v e r  

i s  only a   few^ t h i c k .  

The welds were accomplished wi th  the  Hughes impulse welder.  

Since at  f i r s t  t he  proper kind of  s i l v e r  mesh w a s  no t  a v a i l a b l e ,  

work w a s  begun wi th  a  50) s i l v e r  f o i l .  The welding e l e c t r o d e s  

used here  cons i s t ed  of molybdenum (Hughes ESQ - 1525 -00). Shape 

and m a t e r i a l  were l a t e r  changed wi th  mesh welds. Our experiences 

a r e  summarized i n  the  following. 

2.42 Smooth S i l v e r  F o i l  -- 
The f i r s t  t e s t s  a l ready showed t h a t  the  welding method i s  



Fig. 1 Impulse heated tantalum e l e c t r o d e  

Fig.  2 Solder  union of  s i l v e r  mesh Soldamoll 170 ( s i l v e r  
grid i s  pressed f l a t  below by the  r e s i s t a n c e  
e l ec t rode .  Solder v i s i b l e  between the s i l v e r  mesh 
g r i d s  .) 



very su i tab le  f o r  the  connection of s o l a r  c e l l s  (Table 6 ) .  A 5% 

s t rong  Ag f o i l  was d i r e c t l y  welded. Table 6 shows the  forces  t h a t  

a r e  necessary to  t e a r  a 1 mm wide Ag f o i l  s t r i p  perpendicular ly 

from t h e  s o l a r  c e l l .  Welding p o t e n t i a l  and time were var ied  a l s o .  

I n  p a r t  c e l l s  s to red  f o r  a longer  t i m 6 ,  whose con tac t  l a y e r s  were 

yellowed by oxida t ion  and s u l f i d e .  formation, were used. Experiments 

with molybdenum e lec t rodes  wi th  increased c o n t a c t  sur face  (Hughes 

ESQ 2545-00) bought about only minor improvements. 

With smooth s i l v e r  f o i l  t h e  t r a n s i t i o n  r e s i s t e n c e  t o  the s i l v e r  

l a y e r  of  t h e  s o l a r  c e l l  i s  genera l ly  very d i v e r s i f i e d ,  so t h a t  t h e  

adhesion a f t e r  welding was very i r r e g u l a r .  Rais ing t h e  welding 

p o t e n t i a l  o r  lengthening the  welding time o f t e n  caused t h e  s i l v e r  

f o i l  t o  be fused ou t s ide  the  welding p o i n t ,  so t h a t  the  f o i l  i t s e l f  

t o r e  near  the  weld during separa t ion  t e s t s .  Normally the  separa t ion  

occured i n  the  weld,  however. 

Tables 7 and 8 show f u r t h e r  r e s u l t s  of welding samples. With 

these  t e s t s  the  c e l l  was previously cleaned w i t h  J8OU. A small  

inc rease  i n  t h e  separa t ion  s t r e n g t h  could be a t t a i n e d .  

Increas ing  the  s i l v e r  l a y e r  on the  s o l a r  c e l l s  t h r e e ,  f o u r  

and f i v e f o l d  produced no b e t t e r  r e s u l t s  (see   able 9 ) .  A s i g n i f i -  

c a n t  increase  i n  the welding time, however, bought good r e s u l t s .  

The experiment w i t h  surrounding the  e l e c t r o d e s  with argon as a 

p r o t e c t i v e  gas d i d  no t  lead  t o  b e t t e r  r e s u l t s .  



2 ,43  S i l v e r  F o i l  ~YJ the Method 

With t h i s  method a double depression (0.7 mm proximity,  depth 

0 
6 0 ~ ,  r i m  -0 c a .  0 .1 rmn, 90 cone po in t )  i s  impressed i n  the  s i l v e r  

s h e e t ,  so t h a t  the weld p o i n t s  a r e  determined a f t e r  applying the  

f l a t  e l e c t r o d e s .  Welding wi th  the  pro. ject ion welding method pro- 

duced a  more regu la r  adhesion. This i s  based on the apparent ly  

smaller  t r a n s i t i o n  r e s i s t i v i t y  between the  f o i l  and the  c e l l .  Both 

methods of welding ( p r o j e c t i o n ,  smooth) were t r i e d  on a c e l l  type 

(Siemens type V ) .  

2.44 Welding S i l v e r  Mesh 

Tes t s  wi th  the  p r o j e c t i o n  welding method allow one t o  expect a  

good connection when welding s i l v e r  mesh. The f i r s t  experiments i n  

which s i l v e r  mesh was welded wi th  s i l v e r  mesh confirm t h i s  suspic ion .  

Under s t r a i n  the  s i l v e r  mesh t e a r  before  t h e  weld po in t  f o r  t h e s e  

welds. 

The optimal welding of s i l v e r  mesh i s  h igh ly  dependent 

on the s t r u c t u r e ,  f l e x i b i l i t y  and th ickness  of t h e  mesh. There- 

f o r e ,  extensive p r e - t e s t s  were undertaken on various types of  

mesh (Exmet Corporation 2 AG~-6 /0 ;  5 AG~-610,  5  AG5-5/0; 2 AGIO-2/0~; 

Table 11) .  Af te r  t h e  s e l e c t i o n  of  s u i t a b l e  s i l v e r  mesh types,  

var ious  s o l a r  c e l l s  were welded with molybdenum e lec t rodes  (Hughes - 
1525 - 0 0 ) -  The separa t ion  s t r eng ths  wi th  t h e  s t r e s s  perpendicular  

t o  the c e l l  l a y  between 450 and 600 p .  (Table 12) .  



Welding S i l v e r  F o i l  ( 5 0 , ~ )  t o  Soldering Bars o r  the  C e l l  
Backside. Cleaning the Contacts wi th  a Glass Hai r  Brush 
(e lec t rode  pressure  500 p) 

Zel le  26E3vL6 
ve rg i lb t ;  
Zel lengr id  

Zel le  266Ph6. 
v e r g i l b t ;  

Zel lenunterse i  t e  

Zel le  266M42 
ve rg i lb t ;  
Zel leagr id  

Zelle 266x42 
ve rg i lb t ;  
Zellenunter-  
s e i t e  

Zel le  266:%1 
v e r g i l b t ;  
Zel lengr id  

Zel le  268551 
a -  ' - ---35 --"-3 --4- 

i Q,8 v=r$';,!bt; 
9 90 Zel lengr id  
55 40 

- 55 -70 
60 60 
65 4 0 
70 60 

i 

Zel le  269T40 
v e r g i l b t ;  
Zel lccgr id  

Zel le  269T40 
v e r g i l b t ;  

Ze l l enun te r se i t e  

0 8  60 - Zel le  282T120 

098 70 60 
098 80 - Zel lengr id  
098 80 110 
O,8 90 180 
0.8 100 I30 

70 

40 Ze l l e  2821120 
60 
50 Ze l l enun te r se i t e  
60 
60 
90 

100 
90 
90 
80 

key: Z e l l e  = c e l l  
v e r g i l b t  = yellowed 
Zel lengrid= c e l l  g r i d  
Ze l lun te rae i fe  = 

ee underside I I 



TABLE 7 

Welding S i l v e r  F o i l  ( 5 O P )  t o  Solder Bars, Ce l l  Cleaned 
with 5890 U 

---. - .- 

( ~ e l l  Welding Electrode Separat ion 
Weldin% Zellen 3chwelf3- Schwei - Elektroden- A b p M G  

% i 4  
s ann nb 

p$tenpldl 
ze i t  d ruck  
t lme p ressure  e 

v ms  P gro ~c%qeif3- 
punkt 

P 



TABLE 8 

Welding 50,, Silver Foil to the Underside of the Cell, 
Cell Gleaned with 580 U 

1 cell Welding Welding Electrode 
I Zel len  S c h v e i b  Schuei& E l e k  troden- 

spannung ze i t  druck kraft 

v ms P 



TABLE 9 

Welding S i l v e r  F o i l  (50#) %o Solder Bars wi th  Strengthened 
S i l v e r  Layer, Cleaning wi th  580 U .  

C e l l  Welding Welding Electrode Separat ion 
No. p o t e n t i a l  time p ressu re  force  pe r  

weld p o i n t  
v .  m s  P P 

0 , 9  30 Grid wi th  
0 ,8  30 4 - fo ld  %an- 0 ,8  30 

t i t y  of Ag 
0 , 8  30 

2931'106 o J 7  30 
0 ,8  30 

Grid wi th  0, 85 30 
3 - fo ld  quan- 0 ,83  30 
t i t y  of  Ag 0, 63 330 

0, 58 400 

. 282T174 0, 58 400 500 200 
0, 58 400 500 270 
0, 58 400 500 260 

I 

3 293T106 0, 63 400 500 400 
Grid wi th  0, 63 400 500 2 5 0 
3- fo ld  quan- 0 ,63  400 500 425 
t i t y  of Ag 0, 63 400 500 500 

0, 63 400 500 350 

0, 63 400 
Grid wi th  0, 63 400 
4- fo ld  quan- 0,,63 400 
 tit^ of Ag 0, 63 400 



TABLE 10 

Comparison Between Welding with Smooth and Pro jec t ion  
Solder Connector, f o i l  thickness:  5OP c e l l  type 2 8 2 1  114 

- - - - 

Weldin Weldin 
~chwve .a- Electrode 

ifi - . Elektroden- p ~ ~ f :  ion p o t e n P ~ a l  
spannung zelt p r e  8ru& su e o r  e , ra  

V msec P I? +) 

Solder connector 
Lotverbinder 
glattsmoo t h  

1 .0  30  
1. f 30 
1 . 2  30 
0 . 9  30 
0. 8 30 

Solder connector 
Lotverbincler 
gebuekelt pro j ec  t i o n  

+) per  weld po in t  



Fig.  3 CU/W Welding e l e c t r o d e s ,  welding on t h e  f r o n t  
s i d e  of the  c e l l  

F i g .  4 CU/W Welding e l e c t r o d e ,  welding ,on the back 
s ide  of  the  c e l l  



However, a kn i fe - l ike tan ta lum e lec t rode  produced separa t ion  

s t r eng ths  between 800 and 1200 p.  Because of  t h e  s h o r t  working 

l i f e  of the  Ta e lec t rode  due t o  ox ida t ion ,  another  e l ec t rode  

m a t e r i a l  had t o  be sought.  A Cu e lec t rode  combined wi th  a Mo 

e lec t rode  was used. Simultaneously the  even e lec t rode  pressure  o f  

500 p was changed so t h a t  one e lec t rode  (Cu) was appl ied  wi th  a 250 p 

force  and the o the r  w i t h  600 p .  Welds wi th  t h i s  e l ec t rode  combina- 

t i o n  produced separa t ion  s t r eng ths  of 1200 p (Table 1 2 ) .  The working 

l i f e  of t h e  molybdenum e lec t rode  was a l s o  too s h o r t ,  and the  e l e c -  

t rode was replaced by a tungsten e l e c t r o d e .  With t h i s  e l ec t rode  

combination separa t ion  fo rces  between 300 p and over 2.4 kp were 

obtained.  

Af te r  s e t t i n g  the  welding parameters a t  0.6V welding p o t e n t i a l  

and 420 m s  welding dura t ion  a t  an e l ec t rode  pressure of 250 p and 

600 p ,  separa t ion  fo rces  of 5 1000 p r e s u l t e d  (Table 12) .  The 

separa t ion  (perpendicular  t o  the c e l l  sur face)  occurred no t  i n  

the  weld p o i n t  but  i n  the s i l v e r  mesh i t s e l f .  

Figures  6 and 7 show microscopic photos of  s i l v e r  mesh weld 

po in t s  a s  they a r e  formed a t  the  W e l ec t rode ,  which presses  down 

harder  on the  g r i d  s t r and .  Figures  8 and 9 show welds on the  g r i d s  

i n s t e a d  of on t h e  mesh c ross  p o i n t s .  (The welding zones a r e  recog- 

nizable a s  l i g h t e r  pa tches) .  The l o c a t i o n  of the  welding zone, 

whether mesh c ross  po in t  o r  mesh g r i d ,  i s  dependent on t h e  p o s i -  

t i o n i n g  o r  the c u t  of the mesh i n  the c u t t i n g  equipment but  does 

no t  e f f e c t  the q u a l i t y  of the  weld. 



SgEsnarfiicht 
Slde View 

F i g ,  5 Schematic of t he  CU/W welding e l e c t r o d e  



Fig. 6 S i l v e r  mesh weld p o i n t s  (weld p o i n t  on the  
s i l v e r  mesh c r o s s  po in t )  

. -- --- 

Fig .  7 S i l v e r  mesh weld po in t s  ( w e l d  po in t  on the 
s i l v e r  mesh c r o s s  po in t )  



-- - -  

Fig. 8 Welds on silver mesh grids 

- -- 

Fig, 9 Weld an silver mesh grids 



2.45 Conclusions 

Because of t h e  high separa t ion  s t r eng th  when impulse welding 

connections to  s o l a r  c e l l s ,  the welding method with s i l v e r  mesh i s  

eminently s u i t a b l e  f o r  the production of  s o l a r  c e l l  modules. No 

l o s s  of c e l l s  due t o  breakage o r  flaws during welding o r  o t h e r  

mechanical damage could ever be determined. Af te r  s e t t i n g  the  

welding parameters on the b a s i s  of t h e  separa t ion  t e s t s  (0.6 V ,  

420 s ,  2501600 p ,  CU/W e l e c t r o d e s ) ,  they were t e s t e d  by e l e c t r i c a l  

measurements f o r  degradation before and a f t e r  welding. XMeasure- 

ment of t h e  s h o r t - c i r c u i t  c u r r e n t  wi th  b r i e f  i l luminat ion  t o  prevent  

uncontrol led inc reases  i n  temperature.) The measurements showed 

no degradat ion ou t s ide  the  measurement accuracy of the  equipment 

used ((2%). 

The fol lowing t e s t s  were completed on ind iv idua l  welding 
F 

connections : 

Shock t e s t :  -196 '~  (£1. n i t rogen)  - + 80° (H20)  c a .  20 times 

Separat ion t e s t :  ( s t r e s s  v e r t i c a l )  sepa ra t ion  s t r eng th  

100 p ,  mesh t o r e  ( f i g .  10) 

Separat ion t e s t :  (shearing s t r e s s )  separa t ion  s t r e n g t h  

2500 p , mesh t o r e  ( f i g .  11) . 
The separa t ion  i n  the  shear  d i r e c t i o n  ( p a r a l l e l  t o  the  su r face  

o f  the  s o l a r  c e l l s )  i s  even h igher  than t h a t  perpendicular  t o  the  

s o l a r  c e l l  su r face  s ince  w i t h  the  l a t t e r  the  s t r e s s  usua l ly  l eads  



r-i 
r-i 



TABLE 11 

Dimensions o f  Various Types of S i l v e r  Mesh from the  
Exme t Corporat ion 



TABLE 12 

Welding S i l v e r  Mesh t o  Solar  C e l l s  

Separat ion s t r e n g t h  
a t  8 mm weld width 

p o t e n t i a l  dura t ion  pressure 4 impulses 
P P 

350 600 MO- -1 I 

500 . 45O Electrodes 

600 

600 800 Ta- 
Elec t rodes  

600 800 I I 

600 1200 I I 

250; 600 1200 Cu-Mo- 
250; 600 1200 Electrodes 

250; G O O  300 
250; 600 600 
250; 600 800 
250; 600 900 
250; 600 1000 

1 

250; 600 1000 Cu,\V- 
~ l e c  t rod& 

250; 600 600 
250; 600 800 
250; 600 950 
250; 600 850 

* 250; 600 1000 

250; 600q 1000 



t o  separa t ion  of the  indiv idual  weld po in t s  one a f t e r  another ,  

No d i f fe rence  could be determined f u r t h e r  between weld s t a b i l i t y  

on the  so lde r  s t r a n d  o r  on the r eve r se  s i d e  of the  c e l l .  With the  

t e s t s  c i t e d  t h e r e  were no changes a t  a l l ,  e i t h e r  v i s u a l  o r  e l e c t r i c a l  

( s h o r t - c i r c u i t  c u r r e n t ) .  With r e s p e c t  t o  v i b r a t i o n  s t a b i l i t y  see 

Ch. 5. 

2.5 Comparison of  the Processes 

I n  Table 13 t h e  most important c r i c e r i a  f o r  judging the welding 

and so lder ing  connection techniques were given. 

The f i r s t  prel iminary i n v e s t i g a t i o n s  had a l ready shown t h a t  

the  welding connections could be produced e a s i e r ,  more quickly,  

and wi th  b e t t e r  c o n t r o l  than the  high-temperature so lder  connections.  

Thus, more and more emphasis was placed on the welding technique. 

By e l iminat ing  time-robbing work processes l i k e  the  c leaning  opera- 

t i o n  and prel iminary treatment f o r  the  so lder ing  technique, a s  

we l l  a s  by having a small  r a t e  of f a i l u r e ,  the welding technique 

could be considered much more p r a c t i c a l .  It i s  equal ly  s u i t a b l e  

f o r  p r a c t i c a l l y  every form of s o l a r  panel  and f o r  a l l  a p p l i c a t i o n s  

( e s p e c i a l l y  f o r  l ighweight c i r c u i t s )  . The s e c t i o n  ''Module Con- 

s t ruc t ion"  w i l l  d e a l  with new p o s s i b i l i t i e s  f o r  module cons t ruc t ion  

(production methods o t h e r  than those now common) . 
The good adhesion of the c e l l s  T i  - Ag l a y e r  i s  e s s e n t i a l  f o r  

the  r e l i a b i l i t y  of a l l  techniques of connection. The c e l l s  de l ivered  

(according t o  Siemens s p e c i f i c a t i o n s  type %V and l a t e r  type V) f u l -  

f i l l e d  these demands. 
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TABLE 13 Comparison between Soldering and Welding Techniques 

C r i t e r i a  Welding 

""P -.--- 

Cleaning process  before  connection Not d e f i n i t e l y  d e s i r a b l e  

a f t e r  connection Not d e s i r a b l e  

Desirable  

Desirable  

Degradation by connection technique 

Inf luence  
on o t h e r  rn 

D i f f e r e n t  

I 

Control  of connection parameters D i f f i c u l t  ( f l u x -  
s o l d e r  dosage) 

Dis in tegra t ion  temperature Ag melt ing  p o i n t  (960'~) 

I n t e r c h a n g e a b i l i t y  during product ion I Easy 
of  module 

D i f f i c u l t  

Separat ion s t r eng th  > lo00  p  reproducib le  Not reproducib le  
(Nei ther  hard nor  
s o f t - s o l d e r  produqeda 
reducible connec t r o n  

Costs 0p t imal High (high rate sf 
f a i l u r e .  long course 
of manukac tu re )  



3. COVER GLASS ASSEMBLY 

3.1 60 r Glass 

Various processes are available for the cover glass assembly 

of solar cells. 

- complete bonding of surface with transparent (optical) 
adhesives 

- bonding at points with non-optical adhesives 

- mechanical mounting for the cover glasses 

- connection by thermodiffusion (between the cell grid and 
a grid on the cover glasses equivalent to a cover 

Mechanical mounting of the cover glasses on solar cells 

was rejected since it would incur significant disadvantages like 

high weight and large volume. In the following, bondings with opti- 

cal and non-optical adhesives and bonding by thermodiffusion were 

investigated, 

The use of optical adhesives caused various problems: 

- changing the degree of transmission by UV radiation 
- thermal vacuum behavior 
- adhesion at various temperatures. 
Non-optical adhesives which connected the cover glass and 

cells at points or bands also gave the same problems, in part: 

-thermal vacuum behavior 

-adhesion at an increased temperature 

- adhesion at very small adhesive surfaces 



- l e s sen ing  the degree of e f f e c t  of the  s o l a r  c e l l s  a s  a  

r e s u l t  of  diminishing the a c t i v e  sur face  by adhesive p o i n t s  

- l e s s i n g  the  degree of e f f e c t  of the s o l a r  c e l l s  a s  a  r e s u l t  

of a  non-optimal index of r e f r a c t i o n  t r a n s i t i o n  (crack between 

c e l l  and cover g l a s s ) .  

3.2 Adhe s  i v e  s  

The adhesives s tud ied  were from the  Wacker, Dow Corning acd 

General E l e c t r i c  companies. S imi lar ly ,  non-opt ical  adhesives were 

inves t iga ted  f o r  t h e  panel assembly. 

3.21 Thermal Vacuum Behavior 

To study t h e  thermal vacuum behavior of adhesives two s m a l l  

aluminum blocks were glued together  with var ious  adhesives and s e t  

out  i n  a vacuum between and t o r r s  with temperatures of  

200° C .  The dura t ion  of the  t e s t  was from 24 t o  67 hours.  The 

samples were then s tud ied  f o r  weight l o s s ,  shear  and t e n s i l e  s t r e n g t h .  

The r e s u l t s  a r e  shown i n  Table 14. I t  was evident  t h a t  the o p t i c a l  

adhesive XR-6-3489 (Dow Coming) showed the  b e s t  va lues .  This  

underwent, i n  a d d i t i o n ,  a long-term t e s t  of 410 hours i n  t h e  thermal 

vacuum (240' C ,  t o r r s .  Loss of  weight amounted t o  4.6%. No 

v i s u a l  changes could be recognized. 

3 . 2 2  Adhesion of - -- Adhesives a t  

The adhesives XR-6-3489 (Dow Corning) and S i l  g e l  2000 

(Wacker) were t e s t e d .  
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Key, Table 14 

P- Number 2 -  Adhesive 3- Temperature 4- Experiment dura t ion  
5-  Pressure ( t o r r s )  6-  Loss of  weight 7 -  Tens i l e  t e s t  kp/crn2 
8- Shear t e s t  kp/cm2 9- Comments 10- Talcum and water g l a s s  
11- Broken during set-up of experiment 12- Hardened % day, 
break i n  adhesive; 13- Hardened 1 2  hours ,  break i n  the  adhesive 
14- Hardened 24 hours ;  break i n  adhesive during t e n s i l e  t e s t ;  during 
the  shear  t e s t  t h e r e  was a g l a s s - l i k e  l a y e r  on which the sample 
broke 15- Primed, hardened 24 hours ,  break i n  the  adhesive 
1 6 -  Primed, hardened 24 hours ,  break i n  the  adhesive 1 7 -  Primed, 
hardened; during t e n s i l e  t e s t  a break p a r t i a l l y  between adhesive 
and metal ;  during shear  t e s t  break i n  adhesive 18- Primed, hardened, 
break i n  adhesive 19- Primed, hardened; break only p a r t i a l l y  i n  
adhesive 20- Primed, hardened; break i n  adhesive;s ince the  r e s u l t s  
were bad f o r  300°, t h e r e  was no t e s t  a t  400° C .  21- Primed, hard-  
ened, break mostly i n  adhesive 22- Wacker s e a l i n g  compound 

Aluminum samples glued with these  adhesives i n  a c l imate  box 

s e t  up a t  a temperature of -60' C ,  +100° C ,  +I500 C and +200°c were 

subjected t o  shear  and s t r e s s  loads .  I n  add i t ion  a second sur face  

mir ror  ( s i l v e r )  w a s  glued between' two small  aluminum blocks wi th  

XR-6-3489 and t e s t e d  f o r  t e n s i l e  s t r e n g t h  a t  room temperature. 

The r e s u l t s  of these  t e s t s  a r e  recorded i n  Table 15. 

TABLE 15 Tens i le  and shear  S t rengths  of Adhesives a t  
Various Temperatures 

Adhe s ive  Temp . Tens i l e  s rength Shear s t r e  g t h  
OC kp/4 cm 5 kp/4 cm 9 

XR-6-3489 
XR-6-3489 
XR-6-3429 
XR-6-3489 
SilGel 2000 
SilGel 2000 
SilGel 2000 
SilGel 2000 



3.23  7 i n  Transmission - of Adhesives & - UV Radiat ion 

To measure the t ransmission degradation of adhesives by UV 

an adhesive sample 6 mm t h i c k  was p a r t i a l l y  covered by a cover 

g l a s s  wi th  a UV f i l t e r  l a y e r  and i r r a d i a t e d .  Before and a f t e r  t h e  

UV r a d i a t i o n ,  the  t ransmission was measured with a s p e c t r a l  photo- 

meter.  The Zeiss  s p e c t r a l  photometer was equipped wi th  a double 

monochromator MM 12. A b u i l t - i n  UV f l u o r i t e  prism assembly pe r -  

mi t ted  measurements of  0.2 t o  2.5pr. 

* The UV r a d i a t i o n  w a s  accomplished wi th  a UV s tandard lamp 

(250 W) from P h i l i p s  ( type  no. 126066), a r e c t i f i e r  and b u i l t - i n  

i g n i t i o n  c o i l  from the  company of D r .  Ing.  Jovy, ~ e e r / ~ s t f r i e s l a n d  

( type ZUV 250 E B ) .  The UV spectrum i s  formed of a continuum and 
I 

l i n e s  and, e s p e c i a l l y  i n  t h e  very near  UV region ,  dev ia tes  r e l a -  

t i v e l y  l i t t l e  from t h e  s o l a r  spectrum (Fig.  12) .  The manufacturer 

guarantees  a cons tan t  y i e l d  f o r  a t  l e a s t  2000 hours.  To be c e r t a i n  

the  lamp was checked before  and a f t e r  the long usage. The depen- 

dency of t h e  i n t e n s i t y  on the  d i s t ance  between the  lamp and measure- 

ment po in t  was measured. 

I n  order  t o  make a l o g i c a l  comparison f o r  the  UV r a d i a t i o n s  

of  the s t imula tor  r a d i a t i o n  wi th  the a c t u a l  r a d i a t i o n  from the  

sun,  the  concepts of  equiva lent  UV s o l a r  cons tan t s  and equiva lent  

UV sun hours had t o  be de f ined ,  



Defin i t ions :  

1 )  An equiva lent  UV s o l a r  cons tant  i s  t h a t  i n t e g r a l  

i n t e n s i t y  between 0.2 and 0.4p4 which i s  equal t o  t h e  

i n t e g r a l  i n t e n s i t y  of t h e  s u n ' s  r a d i a t i o n  between 0.2fi 

and 0.4/ (near  UV) ou t s ide  the  e a r t h ' s  atmosphere 

(near  the  e a r t h  = 1 AE d i s t ance  from sun) .  

2 )  An equiva lent  UV sun hour i s  t h a t  i n t e g r a l  energy 

f l u x  between 0.2p and 0.4p which equals  the  energy 

f l u x  of the  sun i n t e g r a t e d  i n  one hour (between 0 . 2 , ~  

and 0 . 4 , ~  ) ou t s ide  the  e a r t h ' s  atmosphere. 

As one can deduce from Figure 12 ,  during u t i l i z a t i o n  of a 

wave l eng th  smaller  than  0 . 4 ~  f o r  t h e  upper l i m i t  of the  UV region 

with a UV s tandard lamp a l a r g e r  UV cons tant  and thus (with long- 

term r a d i a t i o n )  more equivalent  sun hours than a t  a  maximum wave 

l eng th  of 0 . 4 ~ .  I f  one t akes ,  f o r  example, 0.3p a s  the  upper 

wave length  l i m i t ,  an equiva lent  UV s o l a r  cons tant  l a r g e r  by 

about a  f a c t o r  -- of four  r e s u l t s  f o r  t h e  UV s tandard lamp. 

The c a l i b r a t i o n  of the  UV lamp i n  UV s o l a r  cons tan t s  was accom- 

p l i shed  i n  the fol lowing manner: The dens i ty  of r a d i a t e d  power of 

the  lamp a t  a  1 m d i s t ance  between 200 mxn and 400 mrn was known. 

The m u l t i p l i c a t i o n  f a c t o r  of the power f o r  s h o r t e r  d i s t ances  was 

derived by the r e l a t i v e  measurement of  a  s o l a r  cell (Siemens model 

I V ) ,  Mul t ip l i ca t ion  of the  power dens i ty  a t  1 m d i s t ance  wi th  





t h i s  f a c t o r  and d i v i s i o n  by the  a c t u a l  r a d i a t e d  power dens i ty  of 

the s o l a r  r a d i a t i o n  near  the  e a r t h  ( 1  AE sun d i s t ance )  between 200 m 

and 400 mrn produced the  c a l i b r a t i o n  of the  r a d i a t e d  power dens i ty  i n  

equiva lent  s o l a r  cons tan t s .  

The i r r a d i a t i o n  of the  adhesive proceded i n  a i r  over 100 hours 

a t  9.5 UV s o l a r  cons tan t s .  Since no s i g n i f i c a n t  UV degradat ion of  

the  adhesive was expected f o r  a 25/ t h i c k  adhesive,  an adhesive 

th ickness  of 6 rnrn w a s  s e l e c t e d .  The adhesive sample (40 x 40 x 6 mm) 

was p a r t i a l l y  covered by a cover g l a s s  wi th  a UV f i l t e r  l a y e r  and 

i r r a d i a t e d ,  whereby the  sample heated up. The t ransmission curves 

before  and a f t e r  the  i r r a d i a t i o n ,  measure a t  po in t s  wi th  and with-  

ou t  a cover g l a s s ,  a r e  shown f o r  adhesive type XR-6-3489 i n  Figure 13.  

It i s  apparent t h a t  the  t ransmission l o s s  i s  small and, thus ,  t h a t  

i t  i s  small  enough to  be ignored f o r  the  25fi thick adhesive l a y e r  

i n  t h e  s o l a r  c e l l  module. (Of course,  a conversion of the  t r a n s -  

mission l o s s  from a 6 mrn sample t o  a 25pa l a y e r  by simply d iv id ing  

by 240 i s  n o t  c o r r e c t  s ince  the  adhesive does no t  degrade homogene- 

ous ly ,  bu t  breaks down c h i e f l y  on t h e  r a d i a t i o n  s ide )  . However, 

the  unprotected p a r t  of the  sample shows a very high degradat ion 

(Figure 13) which cannot exc lus ive ly  be a t t r i b u t e d  t o  clouding, 

but  i s  caused by the  sur face  becoming c rus ted  (Figure 14) .  Behind 

Che cover g l a s s ,  though, the  adhesive remained c l e a r  and smooth. 



Fig .  13 Transmission i n  the  adhesive before and a f t e r  UV i r r a d i a t i o n  
Dow Corning m-6-3489  (Figure continued on p . 4 1 a )  
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One axis l o g a r i t h m i c a l l y  d iv ided  f r o m  1 t o  100, u n i t  100 m, t h e  
o t h e r  i n  rnm. 
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Such a c r u s t  was only encountered f o r  UV i r r a d i a t i o n  i n  a i r  wi th  

an unprotected adhesive.  S t  d id  n o t  occur f o r  UV i r r a d i a t i o n  i n  a 

vacuum (1000 h xenon lamp a t  1 s o l a r  cons tant  o r  during long-term 

t e s t i n g  i n  a thermal vacuum (without i r r a d i a t i o n ) .  

3.24 Cover Glass Assembly 

For the  usual  cover g l a s s  assembly the  adhesive XR-6-3489, 

which proved t o  be the  b e s t  f o r  high temperature a p p l i c a t i o n s ,  

exh ib i t ed  c e r t a i n  d i f f i c u l t i e s  wi th  the  r e p r o d u c i b i l i t y  of  t h e  

adhesive th ickness  (dosage a t  h igher  v i s c o s i t y )  and the  leakage 

behavior.  Thus, a new method was developed f o r  bonding the  cover 

g l a s s  t o  s o l a r  c e l l s ,  and a device was b u i l t  which made i t  poss ib le  

t o  bond together  cover g l a s s  and c e l l  without  having surp lus  adhesive 

l eak  over the  g l a s s  sur face  and which assured a s u f f i c i e n t l y  repro-  

ducib le  adhesive l a y e r  th ickness .  A cover g l a s s  i s  s e t  i n t o  a 

pos i t ion ing  device and he ld  t i g h t  by means of a suc t ion  s tub .  A 

stamp app l i e s  the  requi red  amount of adhesive t o  the  cover g l a s s  

(Fig.  15) A b e l l  i s  s e t  over the  adhesive covered g l a s s  and evacu- 

a t e d  (Fig.  16) .  Thereby, the  a l ready degassed adhesive i s  again 

degassed and f l a t t e n e d  on the  g l a s s ,  Furthermore, a s o l a r  c e l l  i s  

s e t  i n t o  a mounting i n  another  g l a s s  b e l l  ( t o  which the  s i l v e r  

mesh lug  on the g r i d  s t r a n d  i s  a l ready welded (Fig.  16) .  The b e l l  

over the cover g l a s s  i s  p ressu r i zed ,  removed and replaced by t h e  



Fig. 14 Adhesive sample (type XR-6-3489) after UV irradiation 



Fig.  15 Coating the  cover g l a s s  on t h e  suc t ion  s tub  
wi th  adhe s i v e  

" ~ i g ,  I6  Evacuation and spring mounting f o r  the  s o l a r  c e l l  



b e l l  wi th  the s o l a r  c e l l .  Af te r  the evacuation of t h i s  b e l l  t he  

s o l a r  c e l l  i s  s e t  down, f r e e  of bubbles,  on the cover g l a s s  prepared 

wi th  adhesive by means of  a un ive r sa l  wa l l  e n t r a n c e . ( F i g .  17) .  Af te r  

p ressu r i z ing  the apparatus  the c e l l  f i t t e d  wi th  a cover g l a s s  i s  put 

i n  a mounting and heated by an i n f r a r e d  e m i t t e r  t o  harden the  adhesive 

(Fig.  1 8 ) .  The th ickness  of t h e  l a y e r  produced by t h i s  method amounts 

t o  25 ' %. 

3 . 3  =-opt ical  Adhesive 

Various adhesion techniques wi th  non-opt ical  adhesives were 

t o  be inves t iga ted .  Preceding t e s t s  on cover g l a s s  bonds with 

o p t i c a l  adhesives permit one t o  say t h a t  a t  h igher  temperatures 

(above 200' C )  most o p t i c a l  adhesives a r e  unsu i t ab le  with r e spec t  

t o  s t a b i l i t y  and t ransmission.  

According to  the  o r i g i n a l  demands f o r  the  Hel ios  experimental 

program, though, t h e  s o l a r  c e l l  modules were t o  endure high shock 

temperatures. For t h i s  reason,  c o r r e c t ,  new adhesion techniques 

had t o  be found. 

'The p o s s i b i l i t y  o f f e r e d  i t s e l f  f o r  t h e  s o l a r  c e l l  of u t i l i z i n g  

the  s i l v e r  g r i d  s u r f a c e s ,  which a s  a mat ter  of  course do not  e f f e c t  

the  e f f e c t i v e  l i g h t  su r face  of the s o l a r  c e l l ,  a s  adhesive su r faces .  

Thus, a method had t o  be found t o  wet the s i l v e r  g r i d s  with adhesive 

so t h a t  no o the r  sur face  p a r t s  would be contaminated with the opaque 

high temperature adhesive.  For t h i s ,  a covering template was used 



- 

Fig .  1 7  Applying a  s o l a r  c e l l  t o  t h e  cover  g l a s s  

F i g .  



which possessed openings through which the adhesive comes t o  meet 

the s i l v e r  g r i d .  In  c o n t r a s t  wi th  techniques with t ransparent  

adhesives which cover the e n t i r e  sur face  of the  s o l a r  c e l l ,  f o r  

the p a r t i a l  adhesion attachment of the cover g l a s s e s  t o  the  metal  

g r i d s  a primer can be used. The reduced adhesion su r face  i s  t h u s l y  

compensated by a  h igher  s p e c i f i c  cohesiveness.  

I n  o rde r  t o  avoid the  expense and delay of  a  completed adhesive 

spraying apparatus  which can spray a l l  s o r t s  of adhesives (most 

varying v i s c o s i t i e s ) ,  a commercial adhesive i n  spray cans was t r i e d .  

According t o  d e t a i l e d  information from the leading  producers,  i t  

was found out  t h a t  the s p e c i a l  high temperature adhesive we wanted 

was no t  a v a i l a b l e  i n  spray cans .  Therefore,  we f e l l  back on a common 

adhesive de l ive red  by the  3M Company i n  spray cans ( type:  spray 

adhesive 77) . 
The b a s i c  determinat ion t h a t  the  experiments were t o  make, 

was no t  a f f e c t e d  by t h i s  s i n c e  wi th  the proper a p p l i c a t i o n  t h e  

spec i f i ed  s i l i c o n  adhesive could a l s o  be used i n  the  spray technique. 

The adhesive was sprayed on the  s o l a r  c e l l  g r i d  through templates 

and f i n a l l y  s tuck  t o  a  cover g l a s s  a f t e r  t h e  emplate was l i f t e d  o f f .  

Vaporization templates f o r  t h e  Siemens s o l a r  c e l l  g r i d  served a s  

our semplates.  To measure t h e  separa t ion  s t r e n g t h  a  sp r ing  s c a l e  

w i t h  a maximum reading of 2 .5  kp was se lec ted .  The underside of  

the  s o l a r  c e l l  was glued with r ap id  adhesive,  corresponding t o  the  



load d i r e c t i o n  (shear o r  t e n s i l e  ' t e s t )  t o  the  aluminum surfaces  

designed f o r  t h i s .  "Separation p l a t e s f 1  correspoizding t o  shear  o r  

t e n s i l e  loads were glued t o  t h e  cover g l a s s e s .  

Table 16 shows the  r e s u l t  of the  separa t ion  t e s t s .  Apparently, 

the re  were good values f o r  the  adhesive s t a b i l i t y  wi th  t h e  s p e c i a l l y  

used adhesive.  No leakage problems appeared during the  spray tech- 

nique s i n c e  t h e  pos i t ioned template d i d  n o t  touch the  su r face  of 

the  c e l l s .  

3.4 Cover Glass & Thermodif fus ion  

A way t o  connect t h e  s o l a r  c e l l  and cover g l a s s  without  the  use 

of an organic  adhesive w a s  sought.  On the  bas i s  of t h e  r e s u l t s  of 

primary i n v e s t i g a t i o n s  on thermodiffusion (Ref. I ) ,  i t  was expected 

t h a t  t h i s  type of connection could a l s o  be used f o r  a t t a c h i n g  cover 

g l a s s e s  t o  s o l a r  c e l l s .  To t h i s  end t h e  connecting p a r t s  must be 

bonded under pressure  and a t  high temperature. The temperature 

needed f o r  t h e  connection l i e s  a t  c a .  h a l f  of t h e  mel t ing  temperature 

of t h e  metal  t o  be connected. I n  order  t o  connect the  cover g l a s s e s  

with t h e  c e l l s  a +Ti--Ag l a y e r  was coated on t h e  cover g l a s s e s  

( a t  Siemens). For  the  f i r s t  experiments the  g lasses  were coated 

on the  e n t i r e  su r face  and untempered c e l l s  were used. L a t e r  the  

g r i d  s t r u c t u r e  with two a d d i t i o n a l  zones of  ca .  2 mrn2 was coated 

t o  the e e l 1  and cover g l a s s  with a modified template (a t  Siemens) 

(Figures  1 9 ,  20), The a d d i t i o n a l  coa t ing  zones somewhat eased 
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the  pos i t ion ing  d i f f i c u l t i e s ,  which were caused by the  very s m a l l  

g r i d s .  

The necessary d i f f u s i o n  temperature was reached i n  an e l e c t r i c -  

a l l y  heated oven. The cover g l a s s  and s o l a r  c e l l  were placed i n  

t h i s  oven such t h a t  they were pressed toge the r  by a weight on 

top of  them. The p ressu re  was produced by a weight which w a s  

t ransmi t ted  t o  the  pressure  p l a t e  by ceramic tubes (Fig.  21).  

I n  order  t o  prevent  an  oxida t ion  o f  t h e  s i l v e r  su r face  a t  t h e  

n e c e s s a r i l y  high d i f f u s i o n  temperature, the  thennodiffusion w a s  

run i n  a b u f f e r  gas  atmosphere (argon, n i t r o g e n ) .  I n  order  t o  prevent  

g r e a t  l o s s e s  of h e a t  the  gas  pressure  w a s  kept  a t  ca .  1 t o r r .  A f t e r  

hea t ing  the oven c a .  30 min. t o  the  des i red  temperature (between 

400' C and 600" C) , the temperature was maintained f o r  ca .  30 rnin. 

then cooled i n  ca .  30 min. The pressure  between the  cover g l a s s  and 
* 

s o l a r  c e l l  amounted t o  between 2 kp and 5 kp. The separa t ion  t e s t s  

produced q u i t e  v a r i e d  adhesion between t h e  c e l l  and the  g l a s s  (0-23, 

4 kp, c f .  Table 17) .  The p u l l  was here  perpendicular  t o  the  c e l l  

and/or g l a s s  sur face .  For t h i s ,  t he  samples were glued between 

aluminum blocks wi th  clamps, For the  c e l l  with the  h ighes t  sepa- 

r a t i o n  s t r e n g t h  (23.4 kp) the s t r e s s  w a s  he ld  f o r  3 min. a t  20 kp. 

Figures 19 and 20 show the  c e l l  and cover g lass  a f t e r  the  separa t ion  

t e s t ,  (Adhesion oceured a t  the  so lde r  s t r a n d  s ince  f o r  these  s p e c i a l  

t e s t s  no cover g l a s s e s  wi th  holes  f o r  l a t e r  so lde r ing  were used.)  



Fig. 19 C e l l  a f t e r  being t o r n  from a cover g l a s s  fastened 
by thermodiffusion 

F ig .  20 Cover g l a s s  a f t e r  being t o r n  from a c e l l  fas tened 
by thermodif fus ion 
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Fig, 21 Oven for connecting cover glass and cell by 
themodiffus ion 





Basically, the experiments showed that a good connection is 

possible by themodiffusion, but that skill other research is 

necessary. In particular, the accuracy of positioning, which is 

important in the adhesive stability, must be increased, and the 

method must be made more practicable. 

3.5 Losses through - Non-optimal Index - of Refraction Transitions 

between the Cell and Cover Glass --- 
Because of the poor optical transition between the cover glass 

and solar cell, the cover glass connection by thennodiffusion or 

with a non-optical adhesive causes a lesskning of the degree of 

effect ,of the cell. At Siemens the quantum yield of solar cells 

was measured, without cover glass, with glued cover glass and with 

a non-attached cover glass lying on the cells (Figures 22 and 23). 

Table 18 shows the corresponding short-circuit currents and their 

degradations (Power degradations are somewhat smaller). 

TABLE 18 Cell Degradation by Cover Glasses 
" "  7 - -  

-I__- 
'. 

short-circuit current (mA) 
Kurzschlufistrom (mA) 

",iAhgl&e%g &Ove~itY+&~e'emoose 

glass gfass 'Deck las 
X R 6 - 3 4 8 9  / coves glass 



wit-hout cover glass - chna Deckglas 
' . .. w+th cover glass '-. . ---- rnit Dsckglas 

I eber XR-6-3489) -L%--l e s ~ v e  

F i g .  22 Quantum y i e l d  o f  a solar cell with and without 
glued cover glass 
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without cover glass 
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F i g .  23 Quantblm y i e l d  w i t h  and without  a I s o s e l y  pos i t ioned 
cover glass 



4 .  HIGH T E m E W U R E  FOILS 

4 , l  Se lec t ion  of F o i l s  - 
The following f o i l s  were considered as support ing f o i l  f o r  t h e  

s o l a r  c e l l s ,  f o r  the e l e c t r i c a l  r e t u r n  c i r c u i t  and a s  i n s o l a t i n g  

f o i l :  

- GfK (Mica Corporation) 

- Milclad (Riegel)  

- Kapton (Riegel)  

The s e l e c t i o n  c r i t e r i a  f o r  these f o i l s  a r e :  

- high temperature s t a b i l i t y  

- good vacuum s t a b i l i t y  

- good i s o l a t i o n  c h a r a c t e r i s t i c s  

- s u i t a b i l i t y  f o r  copper l i n i n g  

- good adhesive base f o r  bonds 

- l i t t l e  weight 

The f o i l s  used were p a r t i a l l y  a l r eady  de l ivered  from t h e  

producer, a copper-l ined connection f o i l .  

4.2 Tes t s  on F o i l s  - 
The f o i l s  j u s t  c i t e d  were s e t  o u t  i n  a temperature between 

-5 
200' and 450° C a t  a pressure  of from 10 t o  t o r r s .  Table 

1 9  shows the  weight l o s s e s ,  

GFK f o i l  survives 200' C without Large weight Loss, a t  300° a 

l a r g e  l o s s  of weight a l r eady  occurs.  A t  400° C the  Cu f o i l  separated 



TABLE 19 

Weight L o s s e s  o f  C o n n e c t i o n  F o i b s  i n  the The rma l  Vacuum. 

24 h o u r s  a t  :\ooOc 
I I 

0 ,68  O/o 
72 3 0 0 ' ~  1 0 J 4 7  % 
72 11 

11 
3 0 0 ' ~  + 24 

- 4 0 0 ' ~  13, 36 70 
2 4 II ' 2 0 0 . 0 ~  0 ,77  ($3 

1-7 2  1 I 300 C + -. 9, 69 70 
4-24 11 4 0 0 ' ~  -t- 2 , 2 4  70 

I 
Milclad c o p p e r - l i n e d  - 35* Cu, 7 6 r  Milclad 

. 24 h o u r s  a t  2 0 0 : ~  0 , 6  
24 11 250 C 1 ,97  % 

6 I I 3 0 0 : ~  4, 65 70 
6 11 350 C . 22, 5 70 
5 Minutes at400:c 17, 88 70 
5 i 

I I 450 C 26, 92 70 

Kap ton  f o i l  c o p p e r - l i n e d  3 5 ~  CU, 76& 7, ICapton 

f rom the G f K  f o i l  since t h i s  l a t t e r  h a d  a l m o s t  l o s t  a l l  the 

e p o x i d e  a n d  c o n s i s t e d  a l m o s t  s o l e l y  o f  a g l a s s  f i b e r  structure. 

M i l c l a d  f o i l  c o n t r a c t s  a l r e a d y  a t  200' C a n d  c a r b o n i z e s  a t  450'. 

C u - l i n e d  Maptsn f o i l  p r o v e d  t o  be v e r y  s t a b l e ,  Up u n t i l  200° C 



no f o i l  changes could be determined. The 0,8% weight l o s s  which 

occurs seems, apparent ly ,  t o  be caused by weight l o s s  of the  adhe- 

s i v e  between copper and Kapton. A t  3 0 0 ' ~  bubbles formed i n  the  

copper, which could be a t t r i b u t e d  t o  a vapor iza t ion  of the adhesive.  

The Kapton f o i l  i t s e l f  showed no change a t  300'~. The cause of  t h i s  

l imi ted  temperature s t a b i l i t y  i s  t h e  f a c t  t h a t ,  up t o  the  p resen t ,  

commercially prepared Kapton - Cu connection f o i l s  have always 

come with po lyes te r  adhesive l a y e r s .  (Cu - Kapton connection 

f o i l s  without intermediary adhesive l a y e r s  a r e  under development). 

Since type XR-6-3489 (Ch 3) was found t o  be a thermally very s t a b l e  

adhesive,  the production of  Cu-Kapton f o i l s  wi th  t h i s  very adhesive 

suggested i t s e l f .  Good r e s u l t s  were achieved when a t h i n  l a y e r  of  

adhesive XR-6-3489 was appl ied  t o  a sand-blasted 25A Kapton f o i l ;  

annealed, p u r i f i e d  5OY Cu f o i l  was pressed on, degassed and then  

brought i n t o  the a i r  t o  harden i n  a pressed condi t ion  a t  150' C 

( f o r  ca.  30 min.).. This self-made type of  connection f o i l  was 

l a t e r  used f o r  the  t e s t  module and funct ioned we l l  i n  t h e  thermal 

t r a n s i t  time t e s t  (180' C ,  260 h ,  l o m 6  t o r r )  c f .  Ch. 5 and 6. 

4.3 Process - f o r  Fabr ica t ion  - of Modules 

Af te r  determining the  form of the  c u r r e n t  r e t u r n  c i r c u i t ,  

the conductor channels were p h o t o l y t i c a l l y  e.tsched on the  va r ious  

types s f  connection f o i l s .  Af te r  bonding an i n s o l a t i o n  f o i l  



(non-inter laced Mylar o r  Kapton f o i l )  over t h e  current return c i r -  

c u i t  by means of a ho t  p r e s s  on t h e  Cu s i d e ,  t h e  s o l a r  c e l l s  welded 

together  i n  a module a r e  bonded i n  a vacuum. The e l e c t r i c  connection 

between the  c u r r e n t  r e t u r n  c i r c u i t  and the  module i s  made by welding 

the  s i l v e r  mesh t o  the  module ends with t h e  Cu conductor channel,  

see  Figure 24 .  

4.4 Conclusion 

Kapton appears t o  be t h e  most su i t .ab le  f o i l  f o r  the  product ion 

of  the  module. A t  temperatures under 200' C the  marketed Kapton - Cu 

connection f o i l  (c f  . 4.2) u t i l i z i n g  the s i l i c o n  adhesive XR-6-3489.  

Deta i led  experiments f o r  a s u i t a b l e  production process f o r  l a r g e r  

su r faces  have no t  been undertaken. 

5. MODEL MODULE 

5 . 1  Module Construct ion (Production Process) 

Previous ly ,  the  following successive s t e p s  served i n  bu i ld ing  

the module: checking inpu t  of the  s o l a r  c e l l s ,  p l ac ing  the c e l l s  

together  i n  p a i r s  (matching), so lder ing  the submodules t o  modules, 

cover g l a s s  bonding (simultaneous f o r  a l l  c e l l s  of the  module), 

measuring the module, bonding the c a r r i e r  f o i l  with the  c u r r e n t  

r e t u r n  c i r c u i t  t o  the  module. The leakage of  superf luous adhesive 

on t h e  cover g l a s s e s ,  e s p e c i a l l y  wi th  the  se lec ted  high temperature 

adhesive m - 6 - 3 4 8 9 ,  could no t  be prevented. Also,  because an 



i n c o r r e c t  mounting of a  cover g l a s s ,  the  e n t i r e  module had t o  be 

r epa i red .  i n  o rde r  t o  prevent  t h i s  a  new process  w a s  developed f o r  

bonding the  cover g l a s s .  The r e s u l t i n g  f a b r i c a t i o n  s e r i e s  f o r  the  

module i s  a s  follows: 

- input  check an t h e  s o l a r  c e l l s  

-welding s i l v e r  mesh t o  t h e  g r i d  s t r ands  

-bonding of cover g l a s s  ( t o  ind iv idua l  c e l l s )  

-measurement o f  t h e  c e l l s  covered wi th  a  cover g l a s s  

- s o r t i n g  the c e l l s  a f t e r  the  s h o r t - c i r c u i t  c u r r e n t  

-matching the  module c e l l s  

-welding toge the r  t o  a module (welds on the  back s ides  o f  

the  c e l l s )  

- measurement o f  the module 

-welding the  end connectors of  t h e  module t o  t h e  c u r r e n t  

r e t u r n  c i r c u i t .  

The device mentioned f o r  the  bonding of  the  cover g l a s s  and 

the  r e s u l t i n g  f a b r t c a t i o n  s e r i e s  f o r  t h e  module had s i g n i f i c a n t  

advantages over the previous ly  used module f a b r i c a t i o n .  

- lessening of the  leakage problem of  adhesive ( thus ,  no 

d i f f i c u l t i e s  wi th  c leaning)  , 

- the adhesive l a y e r  thickness  i s  t h i n  (25p) and more e a s i l y  

reproduced (25 2 5A) 

-no d i f f i c u l t i e s  i n  pos i t ion ing  while bonding the  cover g l a s s  



-no d i f f i c u l t i e s  when replac ing  c e l l s  (on account of  g l a s s  

o r  c e l l  breakage during the  cover g l a s s  assembly) 

- The c e l l s  were measured and put  together  a f t e r  t h e  cover 

g l a s s  bonding. This e l iminated changes i n  the s h o r t - c i r c u i t  

c u r r e n t  by the  cover g l a s s  bond  match l o s s e s )  

-The r a t e  of breakage i n  s o l a r  c e l l s  during production of  

t h e  module was decreased. 

5.2 Construction - of Model, Modules 

The following summary reproduces the ind iv idua l  components of 

a s o l a r  c e l l  module whose c h a r a c t e r i s t i c s  permit  the  a p p l i c a t i o n  

a t  temperatures over  200' C .  

The s e r i e s  r e p e a t s  the  s t e p s  of t h e  cons t ruc t ion:  

1. Welded s o l a r  c e l l s  (Ag mesh: 2 ~ 6 5 - 6 / 0 .  Exmet Corporation) 

2 .  Cover g l a s s  (Heraus) and adhesive (XR-6-3489 Dow Corning) 

3.  Adhesive (XR-6-3489 Dow Corning) and Kapton - Cu support ing 

f o i l  (bonded with XR-6-3489 Dow Corning, c e l l  d i s t ance  0.3 rnm) 

4 .  Adhesive (XR-6-3489 Dow Corning) and Mg shee t  as support  

(A231 wi th  Dow 1 7  cor ros ion  p ro tec t ion  l a y e r ,  0.4 mrn t h i c k ) .  

Several  modules wi th  12 c e l l s  were b u i l t  from the  components 

mentioned above f o r  demonstration purposes (Figures  24 and 25);  

f u r t h e r ,  6 modules with 4 s o l a r  c e l l s  each were b u i l t  f o r  t e s t  

purposes (Figure 27) and a module with 2 s o l a r  c e l l s  and 2 second 

su r face  mir rors  was produced f o r  hea t  balance measurements (F ig ,  28 ) .  
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Fig .  24 Module wi th  welded s o l a r  c e l l s  ( f r o n t  s i d e )  

v .. - .  - - 

F i g .  25 Welding module (back s i d e )  





Fig. 28 Module with 2 solar cells and 2 second surface mirrors 
for the heat balance measurement 

Pig, 29 Test chamber for the heat balance measurement 



Figt i re  26 i l l u s t r a t e s  the  s t e p s  for the cons t ruc t ion  of t he  g l a s s -  

covered s o l a r  c e l l s  as  they a r e  put  together  i n  a  module. I n  

Figure 2 7 ,  moreover, one can see the  behavior f o r  t h e  d i r e c t  

connection of two c e l l s  during welding. 

5 ,.3 Tes t s  - on Model Modules 

The following t e s t s  were made on s o l a r  c e l l  modules of 4 

c e l l s  each: 

- cl imate  t e s t  

- thermal vacuum 

- thermal shock 

- v i b r a t i o n  
t 

The e l e c t r i c a l  c h a r a c t e r i s t i c s  ( s h o r t - c i r c u i t  c u r r e n t  JK, 

no-load vol tage  UL of the  t e s t  module were measured a t  t h e  s tandard  

measurement l o c a t i o n  (W-lamp wi th  momentary i l luminat ion  of t h e  

module by means o f  a  movable s l i t  diaphragm t o  avoid temperature 

changes) before and a f t e r  the  t e s t s .  

5.31 Climate t e s t  

The s p e c i f i c a t i o n s  a r e  reproduced i n  Table 20. 

Af te r  t h e  t e s t  the  module showed no mechanical o r  v i s u a l  

changes. The e l e c r i c a l  p r o p e r t i e s  ( s h o r t - c i r c u i t  c u r r e n t  IK, 

no-load p o t e n t i a l  UL) remain the some. 

Before the  t e s t :  IK = 226.5  m4, UL = 1.134 V 

A f t e r  t h e  t e s t :  I K =  2 2 6 . 3 m h 9  IT, L = 1 . L 3 4 V  



TABLE 20 Climate Test  

time dry t h e r -  wet hnr~lidity 
(h) mometer thermom. 

( OC > ( OC > 
0 R T  -- - - Stored 
0, 25 + 40 " 36,5 80 . I d e a l  value reached 

25 + 40 36, 5 80 New i d e a l  value s e t  
25,75 - 30 - - - - I d e a l  value reached 
47, 7 - 30 -- -- New i d e a l  value s e t  
48, 7 + 40 36, 5 80 
71, 6 + 40 36, 5 80 New i d e a l  value s e t  
72, 3 - 30 -- -- 
95, 8 - 30 -- -- Simulation f i n i s h e d ,  

specimen s to red .  

5.32 Thermal vacuum 

0 
Length 210 hours ,  Temperature 180 C 

Pressure  t o r r s  

The modules showed no mechanical o r  v i s u a l  changes a f t e r  the  

t e s t .  The e l e c t r i c a l  p r o p e r t i e s  and the  weight a l s o  ermained 

p r a c t i c a l l y  unchanged: 

F i r s t  module : 

Before the  t e s t :  Iy, = 232 mA, UL = 1,134 V ,  G = 5.0358 g 

Af ter  the t e s t :  IK = 227.4 IA, UL = 1.149 V,  G = 5.0350g 

Second module: 

Before the  t e s t :  
IK 

i 171.8 mA, = 1.134 V ,  G = 5.9394 g 

A f t e r  the  tes t :  IK = 173.6 mA, UL = 1.116 V, G = 5.0386 g 



5.33 Thermal Shock 

The t e s t  was accomplished by submerging the  sample i n  l i q u i d  

nicrogen (-196'~) and, a f t e r  temperature adjustment ,  d i r e c t l y  i n  

water  a t  +80° C .  Af te r  20 temperature cycles  the  model showed no 

mechanical o r  v i s u a l  changes. Changes i n  the  e l e c t r i c a l  p r o p e r t i e s  

a l s o  a r e  i n s i d e  t h e  region  of measurement e r r o r :  

Before the  t e s t :  IK = 219.9 mA, UL = 1.134 V 

Af ter  t h e  t e s t :  IK = 218.6 mA, UL = 1.131 V 

5.34 Vibrat ion 

A t e s t  module was loaded i n  the  z - d i r e c t i o n  (,perpendicular t o  

the  module s u r f a c e ) ,  a- and b- d i r e c t i o n s  ( p a r a l l e l  t o  the  module 

s ides )  with s i n e  and random v i b r a t i o n  according t o  the  s p e c i f i c a t i o n s  : 

a )  s i n e  o s c i l l a t i o n s ,  2 octaveslmin, always cyc le  wi th  2 octaves/min. 

+ 2.5 g z-axis :  f r o m 1 0  - 67 H2 wi th , .  

67 - 100 H2 with 15 g 

100 - 500 H2 with 22.5 g 

500-2000 H2 with 7.5 g 

+ 
a- and b- axes ,  each time from 5 - 13 Hz wi th  - 6.85 g 

13 - 400 Hz wi th  4.5 g 

400 - 2000 Hz with 7.5 g 

b) random v i b r a t i o n ,  0.07 h 2 / ~ 2  power d e n s i t y ,  a - ,  b - ,  and z-  axes,  

each f o r  4 minutes i n  the  frequency band 

20 -2000 Hz with l 1 , 8  grms. 



The module showed n e i t h e r  mechanical, v i s u a l ,  e l e c t r i c a l ,  

nor any kind of changes: 

Before t h e  t e s t :  IK = 241.9 mA, UL = 1.146 V 

A f t ~ r  the t e s t :  IK = 241.9 mA, UL = 1 .I42 V 

6 .  INVESTIGATIONS ON THERMAL BALANCE 

6.1 Tes t  Module 

a )  Module wi th  2 s o l a r  c e l l s  and 2 second su r face  mi r ro r s  

(55 m of  150r q u a r t z / s i l v e r  of 2 x 2 cm) see Figure 28.  The f a b r i -  

c a t i o n  was shown i n  5.2 (but  without  e l e c t r i c a l  connector) with 

a d d i t i o n a l  blackening of  the  module back s i d e  (black lacquer  type 

PT-404A high hea t  coa t ing) .  The second sur face  mi r ro r s  a r e  descr ibed  

i n  Ref. 3 .  

b) Module w i t h  4 s o l a r  c e l l s ,  see Figure 27. The f a b r i c a t i o n  

proceeded a s  descr ibed i n  5.2 (bu t  without  e l e c t r i c a l  c e l l  connector) 

wi th  a d d i t i o n a l  blackening of  t h e  back s i d e  o f  the  module (b lack  

lacquer  type PT-404A high h e a t  coa t ing) .  

A thermoelement (copper-constantan, 0.2 mm wires)  was welded t o  

the  f r o n t  s i d e  o f  the  module (on t h e  g r i d  s t r and  of  one of  t h e  four  

c e l l s ,  a second was bonded t o  the  back s i d e  of  t h e  module ( i . e . ,  

t o  the  Mg a l l o y  s h e e t ) .  Connections were made on one c e l l  t o  measure 

the  s h o r t - c i r c u i t  c u r r e n t  and no-load p o t e n t i a l  during the  t e s t s .  



Vacuum pump 
Vakuumpurnps 

Figure 30 Schematic of the  t e s t  chamber 



Figure 31 Equilibrium temperature of  mocules i n  the  vacuum -U 
C 

dependent on var ious  i n s o l a t o r s  '3 
kC, 
@cn 



6.2 

The modules were b u i l t  i n t o  a vacuum chamber (Figures 29, 30) 

and i s o l a t e d  from the  h e a t .  The e l e c t r i c a l  leads  f o r  c e l l s  and 

themoelements were vacuum sea led  and l e d  outward. Behind t h e  module 

and t o  the  s i d e  was a  blackened LN2 cool ing jacket .  The high s o l a r  

cons tants  were produced by a xenon high pressure  lamp (6 .5  KW) from 

t h e  O s r a m  Company and a Bosch s o l a r  s imulator  ( c f .  Ref. 3 ) .  The 

matching of t h e  xenon spectrum t o  the  sun spectrum w a s  a t t a i n e d  

with a  s u i t a b l e  f i l t e r .  

6 . 3  C a l i b r a t i o n  . - -  of the  Solar  Simulator 

On the b a s i s  of previous t e s t s  ( c f .  Ref. 3) and c h i e f l y  f o r  

reasons of time' t h e  e a r l i e r  c a l i b r a t i o n  values were taken on. A t  

the end of the  t e s t s  a  f i n a l  c a l i b r a t i o n  was undertaken with a 

c a l i b r a t i o n  instrument f in i shed  a t  t h a t  time wi th  a s o l a r  c e l l  

( type V) ( e s p e c i a l l y  f o r  very high i n s o l a t i o n s )  and t h e  va lues  used 

previously were co r rec ted .  The c a l i b r a t i o n  f o r  a  s o l a r  cons tan t  was. 

accomplished wi th  a  Heliothek c a l i b r a t i o n  c e l l .  By t h e  propor t ion-  

a l i t y  of  the s h o r t - c i r c u i t  c u r r e n t  of  the  s o l a r  c e l l s  used and the  

i n s o l a t i o n ,  t h e  s i z e  of t h e  i n s o l a t i o n  could be measured accura te ly  

t o  c a .  5%. 

Table 21 and Figure 31 show t h e  e q u i l i b r i m  temperatures 



obtained for the various insolatims from 0.5 to 19.6 solar constants. 

The temperature difference between the front and back side of the mod- 

ule (TV - TR) remained small. The size was small and increased 

with the temperature. It was determined as follows: 

In the heat equilibrium (ignoring the radiation from LN2 ambient 

temperature) : 

whereby oC = Absorption capacity of the module front side 
(for solar light) 

Ev = Emission capability of the module front side 
(thermal radiation) 

ER = Emission capability of the module back side 
(thermal radiation) 

Tv = Temperature of the module front side 

TR = Temperature of the module back side 

20 4 d = 5.67 10-l2 W/cm K (Boltzmenn' s radiation 
constant 

2 So = 0.140 ~ / c m  (solar constant) 

n = number of radiating solar constants 

5 

i TVJr TR 
i with T = one obtains approximately 
i 

1 G T" 
2' 

-11 T4 
, = o c / ( ~ ,  +E,) = 4.05 10 P, ,  J 

i 

F : t-3 So n 

- &"c+ 
with 'I- 2 , -  -. - 

then OC - 
E - 

For the pure solar cell module one obtains, according t~ 

Table 21, 2 0.6. Since for pure second surface mirrors % 0.1 
E E 



0.6  x 0.1 
a value of  % 

c 2 = 0.35 i s  t o  be expected f o r  t h e  mixed 

module, whereby the r e s u l t  of Table 2 1  i s  c o n s i s t e n t .  

c% Bas ica l ly ,  one can say t h a t  the  =f values of a module and, thus ,  
E 

t he  equi l ibr ium temperatures a r e  dependent on the  cleanness of t h e  

SSM (no adhesive remnants a f t e r  t h e  assembly!), t h e  hea t  t r a n s f e r  

r e s i s t i v i t i e s  between c e l l  o r  SSM and t h e  c a r r i e r  shee t ,  the d i s t a n c e  

between c e l l  and SSM ( 2 = 1 f o r  evacuated spaces!) and, n a t u r a l l y ,  
€ 

the  r e l a t i o n s h i p  of  t h e  su r faces  covered wi th  the  SSM and the  su r -  

f aces  covered.with s o l a r  c e l l s .  A l l  t hese  parameters can be exper i -  

mentally changed and r e f i n e d .  With the  technique used here f o r  the  

cons t ruc t ion  of  mixed modules, i t  i s  a l ready poss ib le  t o  keep t h e  

temperature under 200' C i n  an i n s o l a t i o n  of 10 s o l a r  cons tants  

(c f  . Table 21) O f  course ,  t h e  s e l e c t e d  d i s t r i b u t i o n  of  c e l l s  and 

SSM's i n  the  thermal l i m i t i n g  condi t ions  does n o t  correspond t o  

any sec t ion  of s o l a r  c e l l  panel .  Fur ther  s t u d i e s  a r e  necessary 

f o r  t h i s .  



TABLE 2 1  

Measurement Values for the Thermal Balance Tests 

Module 
without 
SSM 

Module 
-59 211 214 212,5 20 ,23  0 ,33  with 
-13 26 1 260 260,5 4 6 , l  0,339 l , l  

7 2 
SSM 

352 _ 345 348,5  146 ,4  0 ,359 3 , 3  
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